The Sr, Nd, and O isotopic compositions of garnet and clinopyroxene mineral separates from nine eclogite xenoliths from the Bellsbank kimberlite (erupted at 120 Ma) define three groups. Group A eclogites, considered to be mantle cumulates, are characterized by 6180, and 87Sr/Srsr values typical of mantle-derived materials (+5.1 to +5.6%o and 0.7042-0.7046, respectively), and very low Sm/Nd ratios, (apparent) Rb/Sr ratios and ~NaLlZ01 values (0.057-0.078, 0.00005-0.00136 and -14 to -16 respectively). The REE and isotopic data for these eclogites can be modelled in terms of crystallization from a Group II kimberlite magma at -1-1.5 Ga. Group B and C eclogites, believed to be the metamorphosed products of ancient subducted oceanic crust, are characterized by low 3180 (+2.9 to +4.7), extremely high ~Nd[a20] (--+40 to +219), and radiogenic 87Sr/S6Sr ratios (0.708-0.710). The Sm/Nd ratios of the Group B eclogites are very high (up to 1.6). The data for Group B and C eclogites define a linear correlation on Sm/Nd and 1/Nd vs. ~Nal~201 diagrams. These relationships are consistent with mixing of the Bellsbank kimberlite (CNO [1201 = --10; Sm/Nd = 0.10) with a depleted eclogite end-member (eNd[120 ] + 219; Sm/Nd = 1.6) during a cryptic metasomatic event. The Sr isotopic variations in Group B and C eclogites cannot be generated by simple two-component mixing. The St, Nd, and O isotope data for Group B and C eclogites probably reflect a complex sequence of depletion and enrichment events, in both crust and mantle settings. Enrichments which possibly affected the Group B and C eclogites include seawater-alteration of a MORB-like protolith, which lowered the 6180 and raised the SVSr/86Sr ratio, but left the Nd isotopic compositions unchanged, and cryptic metasomatism by the magmatism that produced the Bellsbank kimberlite. The high Sm/Nd ratio of the depleted eclogite end-member cannot be generated by extraction of a melt from a modern MORB composition. Rather, it is argued that such high Sm/Nd ratios are produced as a result of partitioning during the recrystallization of a MORB-like component to eclogite during subduction. Nd model ages suggest that this process occurred -2.3-2.4 Ga.
Introduction
Eclogite xenoliths found in kimberlites and alkali basalts are essentially composed of garnet and clinopyroxene that crystallized (or recrystallized) at high pressures. However, within this general definition, a significant range of mineralogic, isotopic, and chemical compositions exists. This variation has led to three models for eclogite petrogenesis, which propose that eclogites formed as: (1) high-pressure igneous cumulates (garnet pyrox-0012-821x/90/$03. 50 © 1990 -Elsevier Science Publishers B.V.
enites) occurring as mafic dikes emplaced within the upper mantle [3] [4] [5] [6] [7] [8] ; (2) the metamorphic products of a subducted oceanic crustal protolith [1, 2, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] ; and (3) relicts of the Earth's primary differentiation shortly after accretion [20] [21] [22] [23] . This hypothesis requires that the Earth was partially molten during early evolution, similar to the Lunar Magma Ocean theory proposed for the Moon [24, 25] . Eclogite xenoliths have been subdivided on the basis of major and trace element data [1, 2, 4, 12, 13, 16] . Shervais et al. [1, 17, 18] examined eclogites from several kimberlites and identified three groups of mantle eclogite xenoliths each with apparently different petrogenetic histories. One group was thought to be a product of high pressure crystallization of a basaltic melt (Group A). It was hypothesized that the other two (Groups B and C) represented different portions of subducted oceanic lithosphere. These conclusions [1] were based on a small number of samples collected over a broad geographic area and the observed compositional differences could be related to lateral heterogeneity in the eclogite source. The present work represent a more detailed geochemical study of eclogite xenoliths collected from a single kimberlite and hence a study of vertical heterogeneity to test the validity of previous hypotheses.
Taylor and Neal [2] demonstrated that there are three eclogite groups in the Bellsbank kimberlite, situated in the Barkly West district, Cape Province of the RSA. This kimberlite erupted at 120 Ma [30] . Taylor and Neal [2] further argued that the three eclogite groups could not be related to each other by any reasonable fractional crystallization scheme, supporting the tentative conclusions of Shervais et al. [1] . An eclogite classification similar to that of Coleman et al. [26] was used in order to be consistent with the three-fold division already prevalent in the literature:
Group A: primary orthopyroxene or olivine present as an accessory phase; many triple junctions between constituent grains; low jadeite component in clinopyroxene; Mg-and Cr-rich garnets; Cr-rich clinopyroxene; high whole-rock MG#'s; LREE-enriched clinopyroxenes and reconstructed whole-rocks.
Group B: moderate jadeite component in clinopyroxene; Fe-rich garnets; slight LREE-enrichment in clinopyroxenes; extreme LREE-depleted/HREE-enriched garnets; low concentrations of incompatible trace elements in the reconstructed whole-rocks.
Group C: primary kyanite present as an accessory phase; high jadeite component in clinopyroxene; Ca-rich garnets; positive Eu anomaly present in REEs from both garnet and clinopyroxene; Al-rich whole-rock compositions; low REE abundances in both clinopyroxene and garnet.
Radiogenic and stable isotope studies have already been used to elucidate the petrogenesis of kimberlitic eclogite xenoliths. Early attempts to interpret Pb and Sr isotope signatures from southern African eclogites were based on whole-rock data [27] [28] [29] . Analysis of ultrapure mineral separates has illustrated that whole-rock isotopic compositions largely reflect secondary, metasomatic mineral phases, rather than the primary phases of garnet and clinopyroxene [12, 13] . Results of these studies have indicated that many eclogite xenoliths have extreme isotopic compositions. Values for ~NdIPreseml in excess of 200 epsilon units have been reported from eclogites in South African kimbertites [1, 12, 13, 23] . The extreme isotopic signatures found in eclogites have been used to argue in favor of each of the above models of eclogite petrogenesis (e.g., [1, 12, 13, 17, 18, 22, 23] ). These eclogites contain the highest 143Nd/144Nd of any mantle material and require an ancient LREE-depletion to produce high Sm/Nd and 143Nd/144Nd ratios. Since the eclogites potentially represent material metamorphosed and depleted in the LREE at extreme pressures, it is possible that the bulk composition is far removed from that of its protolith. However, the chemical signatures of the eclogites allow their petrogenesis to be defined. In this paper we investigate this possibility and attempt to determine on isotopic grounds, what the nature of both the protolith and the depletion processes may have been.
Six eclogites from the Debruyn and Martin Mine of the Bellsbank eclogite group were specifically selected for isotopic analysis on the basis of being the least affected by secondary metasomatic and hydrothermal alteration, and representative of all three eclogite groups outlined above. Data from the three Bellsbank xenoliths reported by Shervais et al. [1] have also been included for the sake of completeness and to facilitate comparison.
Sample preparation and analytical techniques
All of the Bellsbank eclogites have experienced metasomatism [2] . The pervasive effects of this metasomatism required special procedures in order to distinguish between primary and secondary geochemical characteristics. It was essential that "ultrapure" garnet and clinopyroxene separates be prepared in order to determine: (a) the closest representation of primary phase compositions; and (b) the contributions to the whole-rock composition from any secondary process [2] .
Each eclogite sample was crushed to < 250/~m and washed with dilute HC1. A rough separation of garnet and clinopyroxene was then made with a Franz magnetic separator. These separates were then handpicked under the binocular microscope using a circular light source. Crystals with imperfections or adhering mineral fragments were discarded. The semi-pure separate was then twice leached with acid in an ultrasonic bath. The first leach was in 6M HC1 and the second in an HF/HNO 3 (20:80) mixture. Each separate was re-picked between leaches. As a final check for purity, 10 mg from each separate was analyzed (at the Johnson Space Center, Houston) for K, an element that fingerprints metasomatic or kimberlitic contamination (i.e., through the introduction of phlogopite and/or amphibole). Each separate contained < 0.5 ppm K indicating the ultrapure nature of our mineral separates. Finally, each of the separates (each of 100-160 mg) was split into three portions for analysis: (1) for trace elements by INAA (reported by [2] ; (2) for oxygen isotopic analysis; and (3) for Sr and Nd isotopic analysis.
All of the new Sr and Nd isotopic data presented here were obtained, using standard procedures, in the Radiogenic Isotope Geochemistry Laboratory (RIGL) at the University of Michigan. Sample solutions were split into an unspiked and a spiked aliquot. Isotopic measurements were made on a V.G. Sector mass spectrometer using multi-dynamic routines. Results of standards obtained during the period of study were 878r/86Sr of 0.710242_+ 8 (2 sigma mean, N= 13) for NBS987, and a43Nd/144Nd of 0.511855 (N = 18) for the La Jolla standard. 87Sr/86Sr ratios are presented normalized to 86Sr/88Sr of 0.1194. 143Nd/144Nd ratios are presented normalized to 146Nd/144Nd of 0.7219. Power law fractionation corrections were used throughout. Isotope dilution concentration measurements are accurate to 1%. Sm/Nd ratio measurements are accurate to better than 0.3%. Rb/Sr ratio measurements are accurate to better than 1%. Total procedure blanks were < 50 pg for Rb, Sr, Sm, and Nd. The isotopic ratios are sometimes discussed relative to Bulk Earth (Present Day=SVSr/86Sr=0.7045, 87Rb/86Sr = 0.0925, 143Nd//144Nd = 0.512638, 147Sm/144Nd = 0.1966).
Oxygen isotopic compositions were determined at the Enrico Fermi Institute, University of Chicago, by the BrF 5 method of Clayton and Mayeda [31] . Garnet reacts relatively slowly with BrFs; oxygen yields of 80-100% were obtained in two-day reactions at 700 ° C. Most of the samples were mass analyzed as CO z to determine 6180. Four samples with low 8180 were analyzed as O 2 to determine both 8180 and •170. All fell within +0.1%o of the terrestrial fractionation line, thus verifying that the low aSO effects are due to ordinary mass-dependent fractionation, and not to mixing with some exotic component.
Isotopic composition of the Bellsbank eclogites
Sr and Nd isotopic compositions were determined on whole-rocks (Table 2) , as well as ultrapure garnet and clinopyroxene mineral separates (Table 1) , where possible. Garnets from mantle xenoliths have extremely low Sr concentrations, which means that ultrapure separates are required in order to obtain uncontaminated Sr isotopic compositions [32] .
Mineral isotopic ratios have been age-corrected to 120 Ma, the age of eruption of the Bellsbank kimberlite reported by Smith [30] . Although all six garnet separates in this study were analyzed for their Sr isotopic compositions, the garnet from PHN2791-34 failed to yield reproducible results because of small sample size. Unfortunately, garnets from the three eclogites analyzed by Shervais et al. [1, 17, 18] , and included in this present study, were not analyzed for Sr isotopic ratios due to lack of sufficient sample.
Group A
Group A clinopyroxenes possess low ]43Nd/ 144NdI1201 (eNa t1201--18: Fig. 1, Table 1 ), compatible with their LREE-enriched character [2] . These samples contain the highest absolute REE abundances (Nd = 13.1-22.1 ppm; Sm = 0.70-1.47 ppm) as well as the lowest 147Sm/144Nd ratios (0.032-0.040) reported from our Bellsbank eclogite suite. These Sm/Nd ratios are among the lowest reported for clinopyroxenes from mantle xenoliths. The Sr isotopic compositions (87Sr//86Sr --0.70374-0.70420) are slightly lower than values expected for the model Bulk Earth at 120 Ma (Table 1 , Fig. 1 ). Although Sr abundances are TABLE 1 Isotope data for the ultrapure mineral separates 87Sr/S6Sr and a43Nd/144Nd ratios have been corrected to 120 Ma, the age of eruption of the Bellsbank kimberlite [30] there has been little change in the 87Sr/86Sr ratio since kimberlite eruption at 120 Ma due to in-situ radioactive decay, Oxygen isotopic compositions (Table 1) of Group A clinopyroxenes are confined to a small range of 8180 values (+ 5.3 to + 5.6%o), which is typical of mantle-equilibrated materials [33] [34] [35] [36] . The garnets from Group A eclogites also contain unradiogenic Nd (eNd = --12 to --13; Table  1 , Fig. 1 ), which reflects the LREE-enriched nature of the whole-rocks (see below). Although both Sm and Nd abundances are very low (0.30-0.36 ppm and 0.75-0.84 ppm, respectively), Sm/Nd ratios are high, as expected from garnet partitioning of REEs. Only one Group A garnet was analyzed for its Sr isotopic composition (FRB437-2), yielding an 87Sr/S6Sr ratio (0.7063; Fig. 1 ) which is substantially more radiogenic than that of the co-existing clinopyroxene. As expected from partition coefficients for garnet, Rb and Sr are both present in relatively low abundances (0.27 and 1.67 ppm, respectively), although Rb/Sr is high relative to the clinopyroxenes. Oxygen isotopic compositions are similar to those of the clinopyroxenes, the 8180 ranging from +5.0 to +5.8%o, again within accepted ranges of mantle values [33] [34] [35] [36] . Table 1 ), but only two samples (FRB438-2 and FRB438-7) have Sm/Nd ratios greater than chondritic. As noted by Taylor and Neal [2] , the total LREE abundances in Group B clinopyroxenes are lower than in Group A (Table 1) , with Sm ranging from 0.10 to 0.21 ppm, and Nd from 0.24 to 0.83 ppm. Clinopyroxenes from Group B eclogites have 87Sr/S6Sr ratios (0.70906-0.71098) which are very high relative to Bulk Earth. As with Group A clinopyroxenes, low Rb abundances (0.001-0.374 ppm; Table 1 ) relative to Sr (16.9-28.1 ppm) result in extremely low 87Rb/86Sr ratios (0.00017-0.0150). These ratios are not capable of generating the observed 87Sr/86Sr ratios from either a Bulk Earth or a depleted mantle ratio, even over the age of the Earth, assuming none of the primary Rb was removed during leaching. The 8]80 values of these clinopyroxenes are lower than those reported for Group A (+2.8 to +4.1%o; Table 1 ), and lie well below the proposed range of typical mantle values [33] [34] [35] [36] .
Group B
Like the clinopyroxenes, all Group B garnets contain extremely high 143XTA/~44nJA • -~/ ~-,a[120 ] (C Nd [120] = + 43 to + 217), but the garnets also exhibit very high Sm/Nd ratios (0.45-3.8; Table 1 , Fig. 1 ). Both Sm and Nd are present below the 1 ppm level (0.14-0.23 and 0.06-0.31 ppm, respectively). Two out of the four Group B garnets have been analyzed for their Sr isotopic composition. Garnet 87Sr/S6Sr ratios also exhibit an enrichment in STSr/86Sr relative to Bulk Earth values (0.7058-0.7082; Table 1 , Fig. 1 ). Rb and Sr concentrations are low (0.07-0.23 and 0.19-1.08 ppm, respectively). Oxygen isotope measurements on these garnets agree closely with coexisting clinopyroxene and reflect unusually low 6~80 values ranging from + 3.0 to 3.9%0 (Table 1) . Table 1 , Fig. 1 ). Sr abundances in Group C clinopyroxenes (12-19 ppm) are slightly lower than those in Group B, while the low Rb abundances (0.056-0.30 ppm) overlap those in Group B. Again, the low Rb/Sr ratios measured in these clinopyroxenes would be unable to generate the 8VSr/86Sr in these minerals by in-situ decay of 87Rb. The range of 81So values overlaps that from Group B clinopyroxenes (+ 3.9 to 4.3%0; Fig. 1 ). Group C garnets possess typical HREE-enriched patterns [2] and have high Sm/Nd ratios (0.372-0.897). Two out of the three Group C garnets have been analyzed for their Sr isotopic compositions. The radiogenic 87Sr/86Sr ratios present in these garnets are similar to both Group B and C clinopyroxenes and Group B garnets (Table 1, Fig. 1 ). The oxygen isotopic compositions of these garnets (+3.1 to +4.9%0; Table 1 ) are generally lower than accepted mantle values.
Group C

Whole-rocks
The data presented above on the "ultrapure" mineral separates are assumed to reflect the compositions of the eclogite protolith without contamination introduced by "patent" metasomatic alteration (i.e. addition of new metasomatic phases) by the kimberlite host magma. This patent metasomatism was discussed by Taylor and Neal [2] . In order to gauge the contribution of the metasomatic phases observed in these xenoliths (i.e., phlogopite and amphibole; [2] ), selected whole-rocks were analyzed for Sr and Nd isotopic ratios ( Table 2 ). All whole-rock analyses yielded Sr isotopic compositions that were more radiogenic and Nd isotope ratios that were less radiogenic than those of the garnet and clinopyroxene mineral separates. None of the three groups may be distinguished on the basis of these data. After leaching, two eclogite residues (FRB483-3 and PHN2791-34) possess lower 87Sr/S6Sr ratios than the reconstructed whole-rocks (Tables 2 and 3) . These results may appear to be inconsistent and lead one to question the purity of the mineral separates. However, these same residues possess ~NdlPresentl values of -2 and + 2, quite unlike the highly positive values of the reconstructed wholerocks, indicating that the data for the residues do not represent the primary eclogite isotopic signature. Leaching in hot 6M HC1 for two hours appears to have removed some of the Sr, but little of the Nd contamination (Table 2) . We suggest that the HC1 leaching removed only a radiogenic Sr contaminant, leaving a relatively unradiogenic Sr and Nd component in the residue. Preparation of the mineral separates by rigorous leaching and handpicking removes this unradiogenic contamination.
Taylor and Neal [2] concluded that the metasomatic phases were introduced from the kimberlite magmatism. The Bellsbank kimberlite has been classified as a Group II micaceous kimberlite, with initial 87Sr/S6Sr and 143Nd/144Nd ratios of 0.7085 and 0.51214, respectively [30] . Table 2 (Isotopic ratios).
These kimberlites have initial 87Sr/S6Sr and ]43Nd/]44Nd ratios which are respectively higher and lower than Bulk Earth values. In general, the eclogite whole-rocks have 87Sr/86Sr[1201 ratios greater than the host kimberlite [30] . We suspect that this may be partly attributable to post-emplacement weathering and alteration of the whole-rock material, but the exact explanation is unclear.
Reconstructed whole-rocks
In view of the evidence that even the leached whole rock samples remain severely contaminated, the isotopic compositions and parent/daughter ratios of whole rock eclogites (Table 3 ) have been reconstructed from the mineral separate data, in a similar manner as for the REE profiles [2] . The primary modal mineralogy and isotopic analyses of the ultrapure mineral separates were used in these calculations. Modes were determined by point counting and noting the association of metasomatic with primary phases. Where there was no Sr isotopic analysis for garnet, it was assumed that the 87Sr/S6Sr ratio of the clinopyroxene represented that of the primary whole-rock and that garnet contained no appreciable Rb or Sr.
The reconstructed whole rock compositions are shown plotted on an end VS. 87Sr/86Sr diagram, (Table 1) . Karoo data from Hawkesworth et al. [38] . All isotopic ratios are corrected to the age of eruption of the Bellsbank kimberlite (120 Ma [30] ).
age-corrected to 120 Ma, the Bellsbank kimberlite eruption age (Fig. 1) . The Group A eclogites plot close to the "mantle array", near the region occupied by the Karoo flood basalts [38] . In contrast, the Group B and C eclogites plot in the upper right hand quadrant, as they contain both radiogenic Sr and Nd.
The
Generation of the eciogite isotopic signatures
The results presented above demonstrate that the Bellsbank eclogite groups are not related to one another by a simple igneous fractionation process, contrary to the suggestion by Smyth et al. [8] . The extreme end []201 values and Sm/Nd ratios in some Group B eclogites are among the highest yet reported, suggesting that processes involving assimilation of typical mantle or crustal compositions are also unlikely to account for the eclogite compositions. Therefore, both variable and complex petrogenetic processes are required to account for the origins of the different eclogite groups. It is important to note that the Sr, Nd, and O isotopic compositions of the Bellsbank Group A and B eclogites reported here are consistent with those reported by Shervais et al. [1, 17, 18] . Throughout the following discussion, the isotopic values refer to the reconstructed whole-rocks unless otherwise stated.
Group A
The Group A eclogites possess 8180 values that are typical of mantle-derived or mantle-equilibrated materials (Tables I and 3) , as well as 87Sr/S6Sr ratios that are similar to ocean island basalts [e.g., 39, 40] and Group I kimberlites [30] . However, the negative ENd[]201 (--14 to --16), although somewhat extreme, is more akin to continental flood basalts [e.g., 38] and Group II kimberlites [30] (Fig. 2; Tables 1 and 3) .
Shervais et al. [1] proposed that the Group A eclogites were the high pressure cumulate products of a magma crystallizing in the mantle, based upon garnet-clinopyroxene Kd values. This suggestion is supported by the high MG~ ob-served by Taylor and Neal [2] . However, the overall LREE-enriched nature of these eclogites (Sm/Nd -0.07 from the reconstructed wholerock composition) appears to contradict this conclusion, given the nature of the crystal/liquid Kd's for the REEs in garnet and clinopyroxene [e.g., [41] [42] [43] [44] .
In order for a Group A eclogite to be a mantle cumulate product, the parental magma must have been highly LREE-enriched, if the REEs have not been subsequently added by cryptic metasomatic exchange. Calculations using published mineral/ liquid partition coefficients and modal analyses demonstrate that this magma, while fractionating garnet and clinopyroxene in the proportions reported in Taylor and Neal [2] , must possess a Sm/Nd ratio of approximately 0.05 (Table 4) . Magmas with this Sm/Nd could have been similar to those reported for micaceous or Group II kimberlites [e.g., 30, 45, 46] . These Group A eclogites can be adequately modeled by crystallizing the observed primary modes of garnet and clinopyroxene from a Group II kimberlite magma (Table 4).
Although trace element modeling supports crystallization of Group A eclogites from Group II-like kimberlitic magmas (Table 4) , the dichotomy of Nd and Sr isotopic data from these xenoliths with those of Group II kimberlites appear to conflict with a simple fractionation model if the Bellsbank kimberlite is taken as the parent. However, Sr and Nd isotopic compositions at the time of kimberlite eruption (120 Ma, [30] ) for the Group A eclogites (or their protolith) are the time-integrated results of low Rb/Sr ratios and low Sm/Nd ratios in these cumulates.
The evolution paths of the Group A eclogites and Group II k]mberlites have been calculated and are shown on an c-~ plot (Fig. 3) . Observed ~7Rb/s6Sr and 147Sm/144Nd ratios were used for the Group A eclogites, and Group II kimberlites spanning the range of Sr isotope values were taken from Smith [30] . Assuming that kimberlite magmatism did not affect these ratios (because of their high Sr and Nd contents and the ultrapure nature of the mineral separates), the evolution paths of the Group A eclogites and Group II kimberlites intersect at approximately 1.15-1.40 Ga (Fig. 3) . The Group A eclogite evolution line would not be as steep if primary Rb has been leached from the mineral separates. Therefore, the age of intersection with the Group II kimberlite evolution paths must be regarded as a maximum age. This relationship is supported by Nd model age calculations for reconstructed Group A eclogite wholerock compositions. These calculations yield TCHUR model ages of -950 Ma, and TDM model ages of -1300 Ma.
From the isotopic and REE data, we infer that Group A eclogites crystallized at 1 _+ 0.2 Ga from magmas derived from a Group II kimberlite source. The isotopic compositions of the melts ESr Fig. 3 . cNa VS. ~Sr plot which demonstrates the evolution of Group A eclogites which crystallized from a Group lI kimberlite magma at -1-1.2 Ga. Reconstructed whole-rock isotope values were used ( Table 3 ). The evolution of the Group II kimberlite field is also shown (data from [301).
could have coincided with the ratio of Group II kimberlites [30] at -1-1.5 Ga.
Groups B and C
The compositions of Group B and C eclogites are similar to those of subducted oceanic crust, interpreted as the basaltic MORB-like portion (layer 2), and the plagioclase-rich, plutonic section (layer 3), respectively [1, 2, 12, 13, [16] [17] [18] . Although the isotopic data presented in this study support this general petrogenetic model, they indicate a more complex geochemical history. The data also have important implications for cryptic metasomatic processes affecting even the most carefully prepared primary phases. This process is distinct from, although related to, the patent metasomatism described by Taylor and Neal [2] .
Gregory and Taylor [35] , MacGregor and Manton [16] , Ongley et al. [47] , and Shervais et al. [1] concluded that the low 8180 isotopic compositions of the Group B and C eclogites can be generated only at relatively high crustal temperatures (i.e., 300-400°C), and are similar to 61SO values of present-day, high-temperature, seawater-altered oceanic basalts [48] . The oxygen isotope results of this study are consistent with this model. The oceanic protolith was subsequently introduced, by subduction, to the relatively high pressure and temperature regime of the mantle, and preserved its low 6180 signature, even through the eclogite phase transformation.
The equilibrium values of oxygen isotope fractionation between clinopyroxene and garnet are not well known. Fractionations found in natural assemblages are usually less than 1%o [47] . It is likely that the equilibrium fractionation for this mineral pair is intrinsically small over a wide temperature range. For example, the calculated fractionation for diopside-pyrope is -0.34%0 at 800K and +0.17%o at 1220K [49] . Thus, the clinopyroxene-garnet isotopic fractionation serves as a sensitive test of disequilibrium between these phases. Only two samples show signs of disequilibrium: FRB437-5, for which Acpx_g t = -+-0.8, and PHN2791-34, for which Acpx_g t =--0.4. Gregory and Taylor [35] attributed oxygen isotope disequilibrium between individual mantle peridotite mineral phases as the result of differing rates of equilibration of each mineral phase with a metasomatic fluid. Ongley et al. [47] suggested a similar process for the Roberts Victor eclogites, with clinopyroxene re-equilibrating more quickly (Fig. 4 a-c) . Regression of the reconstructed whole-rock data, comprising data from both Groups B and C yields a date of 2.1 + 0.2 Ga. However, the validity of this "age", in terms of yielding information on the time at which the eclogite or eclogite protolith underwent the final equilibration, must be carefully evaluated. For example, such a correlation could also be a function of mixing between two isotopically distinct end-members. If this is the case, the "date" obtained in Fig. 4 is probably meaningless.
If ~Nd [120] is plotted against 1/Nd for the mineral separates and reconstructed whole-rocks (Fig. 5) , a positive linear relationship is observed, with the Bellsbank kimberlite plotting at the lower end. Such a relationship suggests that a possible two-component mixing process may be at least partly responsible for the observed isotopic variations of Group B and C eclogites [e.g., 50]. The end-members necessary to explain the compositional relationships illustrated in Figs. 4 and 5 are an eclogitic component with extremely high 143Nd/144Nd and low Nd abundances and a kimberlitic component with low 143Nd/t44Nd and high Nd contents. These end-members may be similar to the most depleted eclogite xenolith (FRB438-7 with CNd [1201 = + 219; Nd = 0.13 ppm) and the observed Bellsbank kimberlite matrix (~Nd t1201 = --10; Nd = 182 ppm; [30] ). This model is consistent with the results of Taylor and Neal [2] , who concluded that most of the patent metasomatism observed in these xenoliths resulted from interactions between the eclogites and kimberlite host magma. However, mixing relationships suggested in Figs. 4 and 5 are present in the "ultrapure" mineral separates of clinopyroxene and garnet. We are confident that these relationships are not due to impure mineral separation. Therefore, cryptic as well as patent metasomatism of the Group B and C eclogites is necessary to account for these correlations. This cryptic metasomatism may have occurred relatively recently (i.e., within the last several hundred million years). If such metasomatism were ancient, the positive correlations in Figs. 4 and 5 would show more scatter due to radioactive decay [50] . Hence, we conclude that metasomatism is related to the magmatism that produced the Bellsbank kimberlite. This magmatism was not related to that which crystallized the Group A eclogites. Model age calculations also provide evidence that the Group B and C eclogites have experienced some form of cryptic metasomatism. In terms of the Sm/Nd and Nd isotopic ratios in the reconstructed whole-rocks, only three samples (FRB438-2, FRB438-7 , and PHN2791-34) yield reasonable (although widely variable) model ages of 2.82, 2.39, and 4.24 Ga (respectively) relative to CHUR, and 2.66, 2.32, and 3.98 Ga (respectively) relative to a depleted mantle evolution path. All other model ages are greater than the age of the Earth, except for PHN2791-21 which has a negative age. The results of these calculations illustrate that the Sm/Nd ratios observed in Groups B and C eclogites are incapable of explaining the observed present-day Nd isotopic compositions. Generally, the samples most affected by this cryptic metasomatism yield the oldest model ages. This is because the evolution line on an 143Nd/]44Nd vs. age plot intersects the bulk earth and depleted mantle evolution lines at older ages due to the lower Sm/Nd ratios (generated by cryptic metasomatism). The result is a lower slope on the evolution path of the sample. Therefore, various degrees of LREE-enriched cryptic metasomatism may explain the anomalously old and variable model ages observed in Group B and C eclogites.
Calculated mixing curves for end [120] VS. Sm/Nd and 1/Nd between the Bellsbank kimberlite (eNd [a201 = --10 and Sm/Nd = 0.128; [30] ) and the most depleted eclogite in our suite  £Nd[lZ0] = +219 and Sm/Nd = 1.615; Table 3 ), are shown in Figs. 4 and 5. Group C eclogites fall on this mixing line suggesting similarities between Groups B and C, but Taylor and Neal [2] argued that these eclogite groups represented distinct portions of ancient oceanic crust. However, they may have had similar initial 143Nd/144Nd ratios, as they are postulated to have been generated from a similar mantle source beneath an oceanic rift. Therefore, the most depleted eclogite from these two groups (FRB438-7) will represent an end-member composition, provided all members of the Group B and C eclogites originally contained similar Nd abundances. FRB438-7 may have undergone some cryptic metasomatism, but for illustrative purposes, we will assume that it is representative of the original Nd isotopic signature of both Group B and C Rb (ppm) Fig. 6 . ~Nd VS. Rb (ppm) for the Group B and C reconstructed whole-rock eclogites. Isotopic ratios are corrected to the age of eruption of the Bellsbank kimberlite. Mixing lines have been calculated between FRB438-7 and two of the Bellsbank kimberlite compositions reported by Smith [30] . Numbers along the mixing line represent the percentage of kimberlite incorporated.
eclogites. This eclogite also has the youngest model age (TcmJR = 2.39 Ga; TDM = 2.32 Ga). The results of the mixing calculations (Figs. 4 and 5 ) demonstrate that only a very small amount of metasomatism (0.5% maximum) b}¢ the Bellsbank kimberlite is required to generate the observed range in Nd isotopic composition. This is due in large part to the differences in Nd abundances between the two end-members. The isotopic composition of Nd in the kimberlite, which contains 182 ppm Nd, can readily affect an eclogite that contains < 1 ppm Nd. The effects of cryptic metasomatism can also be demonstrated for other elements in addition to the REE. Like K, Rb is enriched in metasomatic fluids and should be relatively abundant in eclogites that have experienced the greatest amount of metasomatism, although absolute abundances are still low (< 1 ppm). eNd [1201 variations are plotted against Rb (ppm) for the reconstructed wholerocks (Fig. 6 ) and show that eclogites with the lowest end [120] compositions generally contain the highest concentrations of Rb, but also that the degree of contamination is nearly identical between that calculated from Rb and for the Nd mixing models (Figs. 4 and 5) . In both cases, the Nd and Rb in eclogites with the lowest eNd need only be contaminated with between 0.1 and 0.5% of the kimberlitic component. In view of the prep- Sr (ppm) Fig. 7 . ~VSr/86Sr vs. Sr (ppm) for Group B and C reconstructed whole-rock eclogites. Isotopic ratios are corrected to the age of eruption of the Bellsbank kimberlite. The lack of a linear correlation indicates that simple two component mixing was not responsible for the generation of the Sr isotopes and abundances of these eclogites.
aration given to the minerals it is clear that the Rb analyzed is derived from the mineral itself rather than from surficial contamination.
The Sr isotopic compositions of Group B and C eclogites are not consistent with the simple twocomponent mixing model developed above. There is a lack of correlation between 87Sr/S6Sr and Sr (ppm) (Fig. 7) . All reconstructed whole-rocks possess radiogenic 8VSr/S6Sr ratios (up to 0.71006 at the time of kimberlite eruption: Tables 1 and 3 , Fig. 2 ). The high 87Sr/S6Sr ratios observed in these xenoliths could not have been generated in a closed system, given the observed low Rb/Sr ratios, even over 2.3-2.4 Ga suggested by the TBE and TDM Nd model ages.
The reconstructed whole-rock Sr isotopic compositions of the Group B and C eclogites are generally higher than those of the kimberlite at the time of emplacement. Indeed, the most depleted eclogite end-member based on Nd isotopic composition (FRB438-7) also contains one of the most radiogenic 87Sr/86Sr ratios (0.71002). This observation indicates that cryptic metasomatism by the Bellsbank kimberlite magmatism was not responsible for generating these high Sr isotopic compositions. However, it could be responsible for lowering the 87Sr/86Sr ratios of the eclogites from an initial 87Sr/86Sr of -0.710-0.711. Possibly an additional mixing or metasomatic process is required, other than the one described above for the Nd isotopes, to account for the SVSr/S6Sr ratios of the Group B and C eclogites.
If we assume that these eclogites do indeed represent ancient subducted oceanic crust, there are only a limited number of possible mechanisms that may be envisaged by which radiogenic Sr could be generated. The radiogenic Sr isotopic composition could not have been generated from the 87Rb/86Sr ratios of basaltic rocks by decay in the time between formation as oceanic crust and eclogite transformation. Seawater alteration products could clearly be a component in the eclogite protolith. The measured Sr isotopic composition of Archean/Proterozoic seawater, though not well defined from Precambrian carbonates, generally appears to fall within the range 0.7007-0.7128 [51] [52] [53] [54] [55] . Furthermore, Dasch et al. [56] and Menzies and Seyfried [57] reported that seawateraltered basalts can possess 87Sr/~6Sr ratios which were greater than that of the interacting seawater.
For any model to be suitable, the high 8VSr/86Sr ratios need to be generated before the eclogite phase transformation occurs. During eclogite transformation, Rb has been preferentially lost along with the LREEs. The high 87Sr//86Sr ratios are preserved within the Group B and C eclogites as the resulting low 8VRb/s6Sr ratios have had little affect upon the isotopic ratio. The scatter produced in the Sr isotopic ratios of Group B and C eclogites is probably a function of heterogeneities in the protolith, coupled with cryptic metasomatism by the Bellsbank kimberlite. Group A eclogites remained relatively unaffected because of their high abundances of Nd and Sr. A greater amount of kimberlite metasomatism than the postulated 0.5% would be required in order to swamp the primary isotopic signature. Such processes can account for the scattered distribution of Sr isotopes and abundances from Group B and C eclogites in Fig. 7 .
Garnet-clinopyroxene mineral pairs
Both trace and major elements are partitioned preferentially into clinopyroxene or garnet, but both phases should have identical isotopic compositions at the time of eclogite formation. Variations observed in isotopic compositions between mineral pairs should then be attributable to differences in the ratios of Rb/Sr and Sm/Nd incor- 
gested that isotopic disequilibrium between mineral pairs could yield meaningful information regarding the thermal history of eclogite xenoliths, we stress that any such age relationships found in the Bellsbank eclogites may be artifacts of the various metasomatic processes that have affected these xenoliths. We also emphasize that reported "dates" for even the cleanest-looking mantle samples must be interpreted with great caution until the possibilities of cryptic metasomatism have been fully evaluated. porated into each phase and the time elapsed since equilibration between the phases. Therefore, mineral pairs should yield two point isochrons, reflecting the time of cooling of the eclogite below the temperature at which efficient exchange of Sr and Nd between the constituent minerals ceased [58] . Garnet-clinopyroxene pairs from individual Group B and C eclogites contain 143Nd/144Nd-147Sm/144Nd and 87Sr/86Sr-87Rb/86Sr relationships which yield both positive and negative slopes (Fig. 8 ). This lack of coherence clearly indicates that at least one of the conditions required for closed-system isotope evolution has not been met. Furthermore, it is quite conceivable that the proposed metasomatic events were complicated by differing degrees or, possibly, rates of equilibration between garnet-fluid and clinopyroxene-fluid within the same rock, as shown by the oxygen isotopes. Once isotopic equilibrium was established, further cooling could effectively eliminate Nd and Sr exchange between coexisting clinopyroxene and garnet, allowing the isotopic compositions to evolve independently without having first re-homogenized. Although Jagoutz [58] sug-
Generation of highly depleted end-member compositions
Generation of the extremely depleted Nd isotopic compositions observed in these eclogites, especially FRB438-7 (which has ~Nd I1201 = + 219), requires a high Sm/Nd and a long period of time. The Sm/Nd ratios observed in present-day MORB or in most Archean komatiites cannot generate the present-day eclogite c Na values, even over a period of -2.4 Ga (see above). Even though partial melting of the subducted slab may increase the LREE-depletion of the protolith, this process still cannot generate the required Sm/Nd ratios. For example, partial melting calculations on modern MORB using both modal and non-modal models, typical mineralogies, and a range of accepted mineral-liquid Kd's result in Sm/Nd values of less than 0.85 (compared with a value of 1.615 for FRB438-7).
One way to generate such high Sm/Nd ratios is during the transformation of oceanic crust to eclogite, if it is assumed that an incompatibleelement-rich fluid phase is lost (i.e., the recrystallization is not a closed system). LIL-enriched metasomatic fluids derived from the subducting plate have been proposed to explain variations in the composition of arc magmas [e.g., [59] [60] [61] . These fluids could be complementary to the extremely depleted eclogitic slab residue in this study. Furthermore, Ringwood [62] suggested that during eclogite transformation, a hydrous fluid was produced and driven off. Quantification of this process is not possible due to a lack of relevant experimental data. Wilson and Carlson [63] reported Sm-Nd data for komatiites from an Archean greenstone belt in the southern Kaapvaal craton, defined as the Matshenpondo peridotite suite. These komatiites contain Sm/Nd ratios up to 1.08 and present-day ~Yd up tO +196. These authors attribute the high Sm/Nd to orthopyroxene enrichment or accumulation. It is feasible that subduction of such a Greenstone Belt assemblage beneath the Kaapvaal craton could generate the observed eclogite Sm/Nd ratio of our depleted end-member during phase transformation. Further work is underway to substantiate this preliminary supposition.
7. Summary: models for Bellsbank eclogite petrogenesis (Fig. 9) 
Group A
Group A eclogites can be generated by crystal fractionation of garnet and clinopyroxene from a kimberlitic or proto-kimberlitic magma within the upper mantle. Trace element (REE) and isotope modeling indicate that this magma was consistent with Group II kimberlite.
Groups B and C
Group B eclogites represent the basaltic (dike) portion and Group C, the plagioclase-rich cumulate portion of oceanic crust. Isotopic compositions of Group B and C eclogites preserve evidence for a long and complex geochemical history, involving an ancient LREE-depletion. The Sr isotopic compositions (87Sr/86Sr ratios of 0.710-0.711), may have been produced by seawater alteration of oceanic crust before subduction. The range in Nd isotopic composition was generated in response to the magmatism that resulted in the generation of the Bellsbank kimberlite. This lowered both the ~Yd [1201 and 87Sr/S6Sr signatures of the eclogites and also resulted in extensive patent metasomatism of the Group B and C eclogite xenoliths (Taylor and Neal [2] ), but only limited cryptic metasomatism of the primary phases. Identification of the effects of cryptic metasomatism in these xenoliths masks the ability to isolate pertinent details of the primary compositional variations of eclogite protoliths. However, variations observed within the suite allow the composition of mixing end-members to be estimated, and qualitative models which may constrain processes occurring within the upper mantle underlying the Kaapvaal craton to be developed. The 6~80 values are consistent with high-temperature seawater circulation at a mid-ocean ridge; we suggest that the extreme Sm/Nd ratios required can be produced during the open system recrystallization of basalt or komatiite to eclogite at -2,4 Ga.
This study highlights the role of even very small amounts of cryptic metasomatism in producing fictitious model and isochron ages. The isotope data presented above are consistent with the conclusions of Shervais et al. [1] and Taylor and Neal [2] .
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